Human skin fibroblasts produced interferon of high titre after exposure to doublestranded polyriboinosinic-ribocytidylic acid (In. Cn). In contrast to rabbit kidney cells, ten strains of human skin fibroblasts released more interferon after a second and third exposure to In. Cn than after the first one. It is speculated that this hyperreactivity is due to increased accumulation of an interferon precursor or to less effective synthesis of repressors of interferon production. Repeated exposure resulted in a cytopathic effect which was quantitatively related to the amount of interferon induced.
INTRODUCTION
After a first exposure to double-stranded polyriboinosinic-ribocytidylic acid (In.Cn), which initiates interferon production, rabbit cell cultures become refractory for about 3 days to further stimulation of interferon release (Billiau, I97O; Vilcek, I97oa ) . A similar condition of refractoriness or hyporeactivity occurs in vivo in rabbits (Park & Baron, I968; Ho et al. 197o ) and mice (Baron et al. T97o ) and is a factor to contend with in the application of double-stranded RNA in antiviral therapy. Because of the importance In. Cn may have in human medicine, and also in order to evaluate the possibility of mass production of human interferon in subcultured cells, we have investigated the behaviour of different human cells after repeated induction.
METHODS
Cell cultures. Subcultured human skin fibroblasts were from a normal human embryo (VGS strain and Flow-Iooo) or from biopsies taken for cytogenetic examination. The cells were subcultured in Eagle's minimum essential medium supplemented with non-essential amino acids and lO% unheated foetal calf serum. Maintenance medium contained 2% heated calf serum.
Polynucleotides. Single-stranded polyriboinosinic (In) and polyribocytidylic (Cn) acids (PL-Laboratories, Inc., Milwaukee, Wisconsin, USA) were dissolved in Dulbecco's phosphate buffered saline at I mg./ml. They were annealed by combination of equal volumes, heating at 9 o° and slowly cooling to room temperature. Hypochromicity at 245 rim. was more than 4o %.
Induction of interferon.
Cultures were grown in unstoppered glass cups with flat bottom (diameter 27"5 ram.), kept in a CQ-incubator. Quadruplicate cultures were incubated with * 'Bevoegdverklaard Navorser' of the Belgian National Foundation for Scientific Research (NFWO). I ml. of In. Cn-solution (as described below). The inducer was removed by three washes and 1.25 ml. of medium added to the cultures. Interferon harvested at different times was pooled from the four cultures and titrated by inhibition of Sindbis virus c.p.e, in human embryonic skin fibroblasts (v~s strain). Cells for interferon titration were grown on the bottom of unstoppered glass tubes (I2 mm. diameter, round bottom) in a CO2-incubator. Duplicate monolayers were incubated for 24 hr with serial o'5 log10 dilutions of interferon. The tubes were decanted and challenged with Sindbis virus (grown in chick embryo fibroblasts) at a m.o.i. of ]o. After one hr incubation, excess virus was removed by three washes and maintenance medium added to the cells. C.p.e. was read after 24 hr. A self-made reference preparation of human interferon was included in each titration. The preparation was assigned a number of units equal to the rec~ ~rocal of its average end-point dilution in a large number of assays. All values were then ex ~ressed in terms of this standard. The 67/87 IAMS standard (Inter- national Symposium on Interferon and Interferon Inducers, I97O) quoted to contain Ioo international units of human interferon contained 35 ° units when titrated by our method. interferon produced in our tests could be distinguished from residual In.Cn or from In. Cn released by the cultures, by its trypsin sensitivity, rapid destruction at 56°, and by its lack of antiviral activity on mouse embryo cells.
RESULTS

Optimal timing and dosage schedule for induction of interferon in human skin fibroblasts
The maximal production rate of interferon in rabbit cells occurs some 3 to 8 hr after exposure to In. Cn (Billiau, I97o ) . Some interferon is produced during the time of contact with the inducer, and is washed away with it. In order to minimize this amount and yet to have maximal stimulation of the cells by the inducers, a critical time of exposure must be selected. The following experiment was carried out to select this time for human skin fibroblasts. Sets of four cultures of VGS cells were exposed to 5o/~g. In. Cn for ¼, ½, I, 2 and 4 hr. They were washed thoroughly and further incubated for 24 hr. Interferon was harvested at 3, 6, and 24 hr. Between harvests the cultures were washed. The results of this experiment are plotted in Fig. I . Maximumproduction of interferon was obtained when the cultures were left in contact with In.Cn for 2 hr. Shorter times were insufficient for full stimulation, while with longer intervals an increasing amount of interferon was removed with the inducer. This was consistent with the finding that, whatever the time of stimulation was, 8o % of the total production was released within 3 hr after interruption of cell contact with In. Cn. About 4 to 6 hr after initiation of contact with In. Cn, interferon release was rather abruptly shut off. This was not due to mere waning of the stimulatory effect after In. Cn was removed, since production also stopped when the inducer was left on the culture for 4 hr instead of r or 2. A similar state of refractoriness has been described in rabbit kidney cell cultures.
Using a contact time of 2 hr, the optimum dose of In. Cn was determined. As the dose response curve levelled off at _+ I6 #g./ml., all further experiments were done using 5o #g./ ml. Fanconi anaemia (46, XY) < 50 400 * Pretreated cultures were stimulated twice at a 24 hr interval by incubation for 2 hr with 5o #g. ml. of In. Cn. Interferon was harvested over a 6 hr period following the second stimulus. Control cultures received In.Cn only at the second exposure.
Hyperreactivity in repeatedly stimulated cultures
Although VGS cells became refractory some 3 to 6 hr after removal of In. Cn, in contrast to rabbit cells, they regained full responsiveness in less than 24 hr. Cultures were stimulated five times at 24 or 48 hr intervals. Table ~ shows that the cells failed to show refractoriness under these conditions. Instead, they produced large amounts of interferon after each stimulation. After the second exposure, however, a cytopathic effect started to appear. As this effect became more pronounced during subsequent exposures (Fig. 2) , the yield also became lower. Fig. 2 . Morphological alteration in human skin fibroblasts after 4 daily exposures to In. Cn (5o #g. ml. -2 hr). Phase-contrast Left: control. Right: repeatedly exposed.
In order to test whether rapid recovery from refractoriness was an exceptional feature of VGS cells, nine human skin fibroblast strains of different origin were tested for interferon production after one or two stimulations with a 24 hr interval. Table 2 shows that none of them was refractory 24 hr after the first exposure. Instead, all of them produced higher amounts of interferon after the second than after the first stimulus. Such hyperreactivity was also observed in VGS cells pretreated for 24 hr with small doses of In. Cn, and subsequently challenged with a large dose (Table 3) .
C.p.e. of In. Cn in repeatedly exposed human cultures
Morphological alteration appearing in human skin fibroblasts after repeated exposure to In. Cn consisted of spider-like appearance (Fig. 2 ). As Table 4 shows, the effect was dosedependent, but was still present when the cells were repeatedly incubated with a dose as small as 1.6 to 5 #g.lml.
Single-stranded Cn (5o #g./ml.) induced small amounts of interferon and a slight cytopathic effect after the third exposure. In. at the same dosage level, induced barely measurable interferon only after the second and third exposures, and no c.p.e, appeared. Thus, there was a good correlation between ' cytotoxicity' and interferon inducing ability of single-and double-stranded RNA. * Cells were exposed on days o, i and 2 to the indicated doses of polymer. After incubation for 2 hr the cells were washed and refed. Interferon was harvested after 22 hr of further incubation. Cell morphology alteration was graded on a scale from o to 4. * Five subcultures were done alternating with repeated, daily exposure to In. Cn (5o #g./ml., 2 hr). From the 6th to the ioth subculture cells were not exposed to In.Cn.
Cells which showed mo % spider-like appearance after repeated exposure to In. Cn could be subcultured. It was reasoned that serial subculture, alternating with repeated exposure to In.Cn might select for a cell type with altered interferon response to In. Cn. For five passages, the cells were exposed daily for 2 hr to In. Cn (5o #g./ml.) until morphological alteration appeared. The cells were not exposed after the fifth passage. Interferon response to In. Cn was compared with that of control cells not repeatedly treated with In. Cn, after the fourth and tenth passages. Table 5 shows a decreased response, suggesting selection of a population which was relatively resistant to interferon induction by In. Cn.
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DISCUSSION
Optimum conditions for induction of human skin fibroblasts with In. Cn were determined. Maximum yields were obtained when In. Cn was left in contact with the cells for z hr. All interferon was produced in a time span of 6 hr after removal of the inducer. When the contact time was prolonged to 4 hr, very little interferon was produced during the period following removal of the inducer. Thus, even in the presence of In. Cn, the production of interferon ceased. Refractoriness has also been described in rabbit kidney cultures (Billiau, 97o; Vilcek, 197o a) and in one line of human skin cells (Myers & Friedman, ~ 97 I) , in which it was shown to last for several days.
Bausek & Merigan 097o) found that human foreskin fibroblasts exposed to In.Cn became refractory to re-induction, but on prolonged exposure showed signs of recovery within 2o to 24 hr. In our hands, human skin fibroblasts could be stimulated with 24 hr intervals to release high levels of interferon. In fact, all nine strains of human skin fibroblasts which were tested, released more interferon after the second than after the first exposure. A similar state of hyperreactivity resulted from incubation of the cells for 24 hr with a low concentration of In. Cn (followed by a short exposure to a large concentration).
Numerous studies with metabolic inhibitors have led to a hypothetical and complex picture of the mechanisms which control the rate of interferon production in the cell (Vilcek, Rossman & Varacalli, I969; Ho & Ke, I97o; Tan et al. ~97o; Vilcek, I97oa, b; Vilcek & Ng, 197o; Ke & Ho, r97I; Myers & Friedman, ~970 . According to Vilcek, refractoriness may be caused by a repressor protein synthesized during interferon induction, which inhibits translation of messenger RNA for interferon. Other control factors would affect post-translational events such as the conversion of precursor protein into active interferon or degradation of interferon.
Hyperreactivity which is observed after exposure to a small concentration of In. Cn or which follows refractoriness in human skin fibroblast strains may be explained as a' rebound' effect involving the accumulation of excess stored material, either blocked m-RNA or precursor protein. Alternatively, hyperreactivity on a second exposure may be the result of a less effective synthesis of repressors, analogous to increased responsiveness in cultures treated with inhibitors of protein synthesis. The fact that repeated exposure to In. Cn resulted in a c.p.e, suggests that such suppression of protein synthesis may be present.
Finally, since it is not proven that the entire population of cells produces interferon after a given application of In. Cn, the possibility remains that a different population responds to each stimulation, perhaps depending on their position in the division cycle. If this is the case, cells not stimulated might be primed by the interferon released as the result of the first exposure. Such priming by interferon has been described in mouse L-cells stimulated by In. Cn (Rostoczy & Mecs, 197o) and in primary mouse kidney cells stimulated with MMvirus (Stewart, Gosse & Lockart, I97I) . Studies are underway to reproduce similar effects in human cells.
In vivo pyrogenicity and toxic effects of double-stranded RNA have been related to their interferon inducing ability (Absher & Stinebring, 1969; Adamson & Fabro, 1969; Braun, ~969; Leonard, Eccleston & Jones, I969; Lindsay et al. I969; Young et al. I97o) . The fnding that single-and double-stranded RNA's have a cytotoxic effect on cultured cells which parallels the appearance of interferon in the supernatant medium, indicates that a similar relation exists at the cellular level.
The availability of an in vitro system may make it possible to investigate a possible causal relationship between cytotoxic and interferon responses.
